The heterogeneity of high-grade glioma recurrences remains an ongoing challenge for the interdisciplinary neurooncology team. Response to re-irradiation (re-RT) is heterogeneous, and survival data depend on prognostic factors such as tumor volume, primary histology, age, the possibility of reresection, or time between primary diagnosis and initial RT and re-RT. In the present pooled analysis, we gathered data from radiooncology centers of the DKTK Consortium and used it to validate the established prognostic score by Combs et al. and its modification by Kessel et al. Data consisted of a large independent, multicenter cohort of 565 high-grade glioma patients treated with re-RT from 1997 to 2016 and a median dose of 36 Gy. Primary RT was between 1986 and 2015 with a median dose of 60 Gy. Median age was 54 years; median follow-up was 7.1 months. Median OS after re-RT was 7.5, 9.5, and 13.8 months for WHO IV, III, and I/II gliomas, respectively. All six prognostic factors were tested for their significance on OS. Aside from the time from primary RT to re-RT (P = 0.074) and the reresection status (P = 0.101), all factors (primary histology, age, KPS, and tumor volume) were significant. Both the original and new score showed a highly significant influence on survival with P < 0.001. Both prognostic scores successfully predict survival after re-RT and can easily be applied in the routine clinical workflow. Now, further prognostic features need to be found to even improve treatment decisions regarding neurooncological interventions for recurrent glioma patients.
Introduction
The heterogeneity of glioma recurrences remains an ongoing challenge for the interdisciplinary neurooncology team. The value of neurosurgical resection has been shown by several authors [1] [2] [3] [4] [5] [6] . Novel multicenter data have demonstrated that the resection of glioma recurrences is a prognostic factor, regardless of the extent of resection [7] . Nearly, all patients with recurrent gliomas have been treated with radiotherapy (RT) after primary diagnosis. Therefore, a second irradiation was initially prescribed cautiously due to the fear of unwanted effects [8] . With increasing experience and knowledge of healthy tissue toxicity profiles, in line with the continuous improvement of RT regarding precision, re-irradiation (re-RT) has now been established within clinical routine [9] [10] [11] [12] [13] .
Response to re-RT is heterogeneous, and survival data depend on prognostic factors such as tumor volume, primary histology, age, the possibility of reresection, or time between primary diagnosis and initial RT and re-RT [14, 15] . In the past, selection criteria for re-RT have been established, most of which depend on institutional guidelines, personal preferences, and/or historically developed recommendations: Generally, re-RT is only applied in patients with macroscopic tumors, at least 6 months after initial RT, and with a tumor diameter up to 4 cm [16] . All other factors are in general not taken into account. In the past, we analyzed patients with recurrent high-grade gliomas treated for re-RT and developed a prognostic score for outcome [14, 15] . While some groups discussed the score critically, an independent cohort validated the approach several years after that [17] [18] [19] . However, there is an ongoing controversy about the real prognostic factors, and which scoring system is the best tool for decision making in clinical practice.
In the present pooled analysis, we gathered data from nine large German radiooncology centers of the German Cancer Consortium-Radiation Oncology group DKTK-ROG (Deutsches Konsorium für Tranlationale Forschung, DKTK). This large independent, multicenter cohort of 565 patients was used to determine the outcome after re-RT and to validate the established prognostic score by Combs et al. [14] and its modification [15] .
Methods

Patients and treatment
The DKTK-ROG database [20] provided 565 recurrent high-grade glioma patients treated with re-RT from 1997 to 2016. Each site chose patients randomly from their local data and documented the clinical information retrospectively (Table S1 ). Inclusion criteria were age >18 years and a histology of a high-grade glioma at re-RT. Primary histology changed in 60 cases to a higher grade at the time of recurrence (47 cases to WHO IV; 13 cases to WHO III). This was confirmed by either biopsy or reresection (n = 108). For patient characteristics, see Table 1 . The local ethics committee of each site approved the study.
For most patients, a median dose of 36 Gy was applied as fractionated re-RT and in 11 cases with a median of 15 Gy as radiosurgery. Primary RT was between 1986 and 2015 with a median dose of 60 Gy (range 45-66 Gy, single dose 1.2-3.0 Gy) using different techniques such as 3D or intensity-modulated radiotherapy (IMRT). Treatment planning and follow-up procedures followed the individual institutional guidelines.
Score calculations
For the original score by Combs et al. [14] , one determines the prognostic value of the factors: primary histology, time from primary RT to re-RT, and age ( Table 2 ). The sum of these three values is the final score; values from 0 to 4 are possible. For the new score by Kessel et al. [15] , one also adds values for Karnofsky Performance Score (KPS), tumor volume (PTV, planning target volume), and performed reresection. The sum is a value from 0 to 7. For the final new score, there are four scoring groups with the following values: a = 0-1, b = 2-3, c = 4-5, d = 6-7.
Score validations
We validated both scores: (1) the original score including the three prognostic factors: initial histology, age, and time from primary RT to re-RT; (2) the modified new score with the additional factors KPS, PTV, and performed reresection ( Table 2 ). The total number of cases from all centers was 565. Due to missing parameters in the data pool, we excluded incompletely documented patients. We calculated the original score with data from 552 cases and the new score with 356 cases.
Statistics
Overall survival (OS) was calculated from the first day of re-RT until death or last follow-up based on the Kaplan-Meier method. We performed univariate and multivariate analyses using Cox proportional hazards regression. Significance was determined by a needed level of P ≤ 0.05. All statistics were performed using SPSS v23 (IBM, New York, NY).
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Results
Survival analyses
Median age was 54 years (range 18-82 years); median follow-up was 7.1 months (95% CI: 9.2-11.4 months). Median OS after re-RT was 7.5 (95% CI: 6.7-8.3 months), 9.5 months (95% CI: 6.3-12.7 months), and 13.8 months (95% CI: 12.4-15.2 months) for initial WHO IV, III, and I/II gliomas, respectively.
All six prognostic factors were tested for their significance on OS using univariate and multivariate analyses. Aside from the time from primary RT to re-RT (P = 0.076) and the reresection status (P = 0.101), all factors (primary histology, age, KPS, and tumor volume) were significant in the univariate model (Table 3) . Only age and KPS remained significant in the multivariate analysis. MGMT status (O6-Methylguanin-DNA-Methyltransferase) was available in about half of the cohort. In these patients, it showed a significant influence on survival (P = 0.002).
Score validation
We calculated the original score by Combs et al. [14] and the new score by Kessel et al. [15] according to the calculation scheme described in Table 2 . The original score was calculated with 552 cases and showed a significance with P < 0.001 (Fig. 1) ; the new score was calculated with 356 cases and was highly significant with P < 0.001 (Fig. 2) . Table 4 lists median OS and life tables for both scores.
Discussion
The study aimed to validate the prognostic score by Combs et al. [14] and its modification by Kessel et al. [15] based on a large independent, multicenter cohort of 565 patients. This is the largest validation cohort existing. The data demonstrated nicely a highly significant correlation between the scores and OS after re-RT (original score: P < 0.001; new score: P < 0.001).
Second radiation therapy has become an accepted treatment pillar in the multidisciplinary canon of treatments for recurrent gliomas. Today, with stereotactic radiotherapy (SRT) and other highly conformal options, as well as improved target volume definition by more elaborate imaging, the improvement in precision correlated with a reduction in side effects and a possible increase in dose [21, 22] . Thus, re-RT is now used more widely. Hypofractionated approaches (HSRT) up to a single dose of 7 Gy and total dose up to 42 Gy showed excellent OS of median 7.4-12.7 months [12, [23] [24] [25] [26] . In comparison, our cohort showed an OS of 9.2 and 7.4 months .001* ---*significant P-value; **no prognostic factor for the score calculations; n, number of cases for which the prognostic factor was documented; KPS, Karnofsky Performance Score; PTV, Planning target volume; re-RT, re-irradiation; y, years; m, months. Figure 1 . OS after re-RT according to the original score (P < 0.001).
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for WHO III and IV patients, respectively. Clarke et al. [27] found in their recent phase 1 study with concurrent bevacizumab and HSRT for high-grade gliomas doses of 33 Gy in 3 × 11 Gy fractions acceptable and well tolerated with an OS of 13 months. However, there is no standard treatment regarding fractionation, dose or time between RTs, and institutional preferences differ enormously [28] . Hence, a score including the significant prognostic parameters is a helpful decision-making tool.
Previous attempts to validate the original score failed [19, 29] . Several reasons might be discussed for this effect: small cohorts, missing data relevant to evaluation, different re-RT in-house standards. With a patient cohort from our institution only (n = 199), we recently validated the initial score and could show that significance remains strong also in an independent patient group (P < 0.001) [18] . We then modified the initial score as we could demonstrate that other factors are also highly relevant for outcome [7, [30] [31] [32] and added tumor volume, KPS, and reresection status to the initial approach. In the present analyses, we could demonstrate the significance of KPS (P < 0.001) and tumor volume (P = 0.032) and in particular the reliability of the modified new score (P < 0.001) ( Table 3 ). The factors resection (P = 0.101) Figure 2 . OS after re-RT according to the new score (P < 0.001). and time from primary to re-RT (P = 0.074) were not significant. That might be attributed to the heterogeneity of the data and different treatment regimens in this present multicenter cohort. However, this analysis aimed to validate an existing score and use the calculation scheme as is. We think it is a highly relevant finding that both scores remain significant in such large groups of patients, reproducibly. This is highly relevant and stresses that perhaps this score can be useful for clinical decision making in the future.
One of the main advantages of our score is its simple way of calculation. It is easy to understand and can be applied in the routine workflow or evaluation procedures of any other clinic. Only six variables (primary histology, age, KPS, tumor volume, time from primary RT to re-RT, reresection status) are needed that are usually available for every case. Most patients decide for additional treatment regardless of the risks and benefits. Before treatment decision of re-RT, the score could be calculated as one further decision-making tool, and the physician could use the result to counsel the patient most effectively. Even before reresection, it can help to determine the potential risk and benefit for the recurrent glioma patient. One could propose that for a patient with score "d" and a median OS of 5.7 months, a hypofractionated approach should be prescribed as it is a short treatment and the patient is not spending several weeks in the hospital during RT.
Our analyses have several limitations. Apart from the missing values from some sites, multicenter studies contain heterogenic data regarding treatment and data documentation. Known prognostic factors such as MGMT status and IDH mutations are not included in the scores. These parameters are still not determined by default in routine treatment and could even change during the disease. In particular, the current MGMT status is rarely available before re-RT. In the multivariate analyses, only age and KPS remained significant. This reflects perhaps best daily clinical practice. However, the scores remained highly significant and therefore are potentially relevant for further patient stratification.
In the era of personalized and individualized medicine, more factors will be included, and many research groups are working on prognostic features to prescribe the best therapy possible. Recently, also radiomic features have been researched to develop another image-based score mechanism [33] [34] [35] . Features such as tumor location, shape, and gray level might be relevant for image-based analyses to predict prognosis.
Conclusion
This is the largest cohort to validate the prognostic scores published previously. Both prognostic scores by Combs et al. [14] and Kessel et al. [15] successfully predict survival after re-RT. Both scores are easy to apply and thus practical to include into treatment decision making. Further prognostic features might improve treatment decisions regarding neurooncological interventions for recurrent glioma patients.
